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2003; Wang et al., 1997, 2000); and (3) RIM1 is localized
to the presynaptic active zone, the site of vesicle dock-
ing, priming, and fusion (Wang et al., 1997).
RIM (Rab3-interacting molecule) was identified by vir-
tue of its GTP-dependent interaction with the small GTP
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experiments show that RIM1 also binds to Munc13-1,2 Center for Basic Neuroscience
a protein required for vesicle priming (Betz et al., 2001;Department of Molecular Genetics
Wang et al., 2001); synaptotagmin 1, a calcium sensorHoward Hughes Medical Institute
for fast exocytosis (Coppola et al., 2001; Schoch et al.,University of Texas Southwestern Medical Center
2002); -Liprin, a molecule implicated in synaptogenesisDallas, Texas 75390
in C. elegans and Drosophila (Schoch et al., 2002); ERCs
(Elks, Rab6-interacting protein, CAST), active zone pro-
teins that also function in the Golgi complex (OhtsukaSummary
et al., 2002; Wang et al., 2002); 14-3-3 proteins (Sun et
al., 2003); RIM-BPs (RIM binding proteins) (Wang et al.,The active zone protein RIM1 interacts with multiple
2000); and indirectly through RIM-BPs with L-type cal-active zone and synaptic vesicle proteins and is impli-
cium channels (Hibino et al., 2002). These interactionscated in short- and long-term synaptic plasticity, but
suggest that RIM1 has multiple functions, perhaps asit is unclear how RIM1’s biochemical interactions
a scaffold to localize active zone components or as antranslate into physiological functions. To address this
integrator of the action of a series of proteins by virtuequestion, we analyzed synaptic transmission in autap-
of their simultaneous or sequential binding to RIM.tic neurons cultured from RIM1/ mice. Deletion of
Prior work in mice (Schoch et al., 2002) and C. elegansRIM1 causes a large reduction in the readily releas-
(Koushika et al., 2001) led to the conclusion that RIMable pool of vesicles, alters short-term plasticity, and
functions at a step following the docking of synapticchanges the properties of evoked asynchronous re-
vesicles at the active zone. However, transmitter releaselease. Lack of RIM1, however, had no effect on syn-
involves several steps after vesicle docking, includingapse formation, spontaneous release, overall Ca2
vesicle priming, binding of calcium to presynaptic sen-sensitivity of release, or synaptic vesicle recycling.
sors, and finally vesicle fusion. Because of the limita-These results suggest that RIM1 modulates sequen-
tions of the preparations used, it was not possible totial steps in synaptic vesicle exocytosis through serial
determine which postdocking step is affected in RIM1-protein-protein interactions and that this modulation
deficient synapses. Furthermore, the biochemical inter-is the basis for RIM1’s role in synaptic plasticity.
actions of RIM1 pose a paradox. On the one hand,
Rab3 and Munc13 compete with each other for binding
Introduction to the amino terminus of RIM1 (Betz et al., 2001), and
both interactions appear to be physiologically relevant
Most forms of short-term plasticity (STP) are mediated (Castillo et al., 1997, 2002; Schoch et al., 2002). On the
presynaptically by modifying the synaptic probability of other hand, synapses lacking Rab3A or Munc13-1 have
neurotransmitter release (Pr), but little is known about different phenotypes (Augustin et al., 1999; Betz et al.,
the molecular mechanisms that mediate the dynamic 1998; Geppert et al., 1997; Rosenmund et al., 2002;
regulation of Pr by activity. Pr can be modified by a Schoch et al., 2002), suggesting that these proteins are
change in either the probability of release of individual not functionally connected. Here, we present an analysis
quanta or the number of releasable quanta. Previous of synapses lacking RIM1 in autaptic cultured hippo-
studies have identified proteins that influence Pr in an campal neurons. This preparation allows ready access
activity-dependent manner, such as the active zone pro- to presynaptic terminals and permits a detailed, quanti-
tein Munc13 (Augustin et al., 1999; Rosenmund et al., tative analysis of presynaptic function. Such analyses
2002) and the synaptic vesicle protein Rab3A (Geppert cannot be performed in hippocampal slices or C. ele-
et al., 1997; Schlu¨ter et al., 2004). RIM1 is a particularly gans neuromuscular junction but have been previously
interesting candidate to mediate changes in Pr during applied to Munc13-1/or Rab3A/ synapses (Augustin
synaptic plasticity, since (1) RIM1 has different effects et al., 1999; Geppert et al., 1997). Our results delineate
on plasticity depending on the synapse studied (Castillo the extent to which the properties of synapses lacking
et al., 2002; Schoch et al., 2002); (2) RIM1 contains Munc13-1 or Rab3a overlap those of RIM1/ synapses
multiple protein binding domains and interacts with pro- and identify novel aspects of RIM1 function that are
teins implicated in late stages of neurotransmitter re- not shared by these interaction partners.
lease (Coppola et al., 2001; Hibino et al., 2002; Ko et al.,
2003; Ohtsuka et al., 2002; Ozaki et al., 2000; Sun et al., Results
RIM1 as a Priming Factor*Correspondence: malenka@stanford.edu
Whole-cell recordings of autaptic neurons prepared3 Present address: Department of Neuropathology, University of
Bonn Medical Center, D53105 Bonn, Germany. from RIM1/ and littermate control mice showed that
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Figure 1. Synaptic Transmission Is Reduced in Rim1/ Autapses
(A) EPSCs are reduced in RIM1/ autapses (**p  0.005). Inset shows representative traces (scale bars equal 10 ms/1 nA).
(B and C) Examples of immunostaining (red, Synapsin; green, MAP2).
(D) Average ratios of Synapsin/MAP2 staining (wt, 0.46  0.03; KO, 0.49  0.04, p  0.05).
(E and F) Sample mEPSC recordings (scale bars equal 0.5 s/10 pA).
(G and H) Average amplitude and frequency of mEPSC events (wt, 12.62  1.16 pA, 8.38  2.33 Hz, n  20 cells, 2590 events; KO, 13.31 
1.10 pA, 7.21  2.21 Hz, n  20 cells, 2816 events; p  0.05).
RIM1/ synapses exhibit a 50% reduction of the competent and measurable in the “readily releasable
pool” (RRP). To assay synaptic vesicle priming, we ap-excitatory postsynaptic charge (wt, 29.1  4.3 pC; KO,
15.7  2.0 pC; p  0.005; Figure 1A). This change could plied hypertonic sucrose and measured the resulting
inward current (Rosenmund and Stevens, 1996), whichbe due to a decrease in synapse numbers, a decline in
postsynaptic receptor responsiveness, or a change in in RIM1/ autapses was 50% of the wild-type re-
sponse (normalized wt, 1.0 0.08; KO, 0.55 0.05; pthe synaptic release probability (Pr).
The interaction of RIM1 with -Liprins (Schoch et 0.005; Figure 2A). This result suggests that the decrease
in evoked EPSCs (Figure 1A) may be due to a corre-al., 2002), which are implicated in synapse formation in
invertebrates (Kaufmann et al., 2002; Zhen and Jin, sponding decrease in the RRP (Figure 2A). To test
whether additional abnormalities affecting Pr were pres-1999), suggests a role for RIM1 in synaptogenesis. We
thus examined whether deletion of RIM1 alters total ent subsequent to priming, we calculated the vesicular
release probability (Pvr). This measures the ratio of re-synapse numbers. Immunolabeling for the presynaptic
protein Synapsin, however, showed no significant differ- lease evoked by an action potential to that evoked by
hypertonic sucrose (Fernandez-Chacon et al., 2001). Pvrence between RIM1/ and wild-type synapses (Fig-
ures 1B–1D). We next examined postsynaptic respon- was not significantly different (Figure 2B). Thus, the syn-
aptic vesicles remaining in the RRP of RIM1/ syn-siveness by recording miniature excitatory postsynaptic
currents (mEPSCs), but we detected no difference in apses appear to exocytose normally in response to ac-
tion potentials, and the decrease in synaptic responsesmEPSC amplitude (Figures 1E–1G). In addition, we
found no difference in mEPSC frequency, a finding con- in RIM1/ autapses is attributable to the reduction in
the RRP. Since another RIM protein, RIM2, is ex-sistent with normal synapse numbers in RIM1/ au-
tapses (Figure 1H). Thus, synaptic responses in RIM1/ pressed in the hippocampus (Wang et al., 2000), the
remaining priming activity might be due to its presence.neurons are likely reduced solely due to a decrease in
Pr (Schoch et al., 2002). However, we did not detect RIM2 in wild-type or
RIM1/ cultures (Figure 2C), suggesting that RIM2RIM1 directly binds to Munc13-1, an active zone
protein that is essential for synaptic vesicle priming (Au- is not expressed at appreciable levels under our cul-
ture conditions.gustin et al., 1999; Rosenmund et al., 2002), and is re-
quired for maintaining normal Munc13-1 levels (Schoch The50% decrease in the RRP in RIM1/ synapses
is similar to the 50% decrease in Munc13-1 levels inet al., 2002). We therefore next asked whether the de-
crease of synaptic strength in RIM1/ synapses is RIM1/ mice (Schoch et al., 2002), suggesting that
the two changes may be connected. Munc13-1 is adue to a defect in priming, a biochemical event that is
required subsequent to the ultrastructural appearance receptor for diacylglycerol and its stable analog, phorbol
esters, which elicit an enhancement in transmitter re-of docked vesicles in order for vesicles to be fusion
Role of RIM1 in Neurotransmitter Release
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Figure 2. Defect in Synaptic Vesicle Priming
in Rim1/ Autapses
(A) Hypertonic sucrose-elicited RRP is de-
creased. Daily average wt response size was
normalized to one for comparison. Inset
shows sample traces (scale bars equal 1 s/0.5
nA; **p  0.005).
(B) Pvr [(EPSC charge/RRP charge)  100] is
normal (wt, 3.38  0.33; KO, 4.23  0.69,
p  0.05).
(C) Western blot demonstrates absence of
RIM2 in wild-type and RIM1/ cultures.
Due to similarity of the RIM1 and 2 proteins,
there is a small amount of crossreactivity
seen with the RIM2 antibody.
(D) Potentiation of EPSC amplitude by phor-
bol esters is augmented in RIM1/ au-
tapses (wt, 1.41  0.06; KO, 1.78  0.13,
*p  0.05).
(E) RIM1/ autapses exhibit normal re-
sponses to inhibition by adenosine (wt,
0.83  0.07; KO, 0.79  0.06, p  0.05).
lease because of binding to Munc13-1 (Betz et al., 1998; RIM1/ autapses displayed less paired-pulse depres-
sion than wild-type autapses, with the largest effectsRhee et al., 2002). Application of phorbol-12,13-dibutyr-
ate (PDBu; 4 M) to RIM1/ autapses caused a 2-fold occurring at the shortest interstimulus intervals. We next
monitored the responses of RIM1-deficient synapseslarger enhancement of EPSCs than in wild-type prepara-
tions (Figure 2D). This increase resembles that observed to stimulus trains. Again as in hippocampal slices
(Schoch et al., 2002), RIM1/ synapses were betterin Munc13-1/ synapses (Rosenmund et al., 2002), sup-
porting the hypothesis that the change in RRP in the able to sustain responses during trains of high-fre-
quency stimulation (Figures 3D–3F). In wild-type au-RIM1/ synapses is caused by a Munc13-1-depen-
dent mechanism. To test whether other presynaptic reg- tapses, 14 Hz stimulation caused a 50% decrease in
the EPSC amplitude, but in RIM1/ autapses, theulatory events are altered in RIM1/ synapses, we
evaluated the effect of adenosine, which inhibits release EPSC was maintained near its initial value throughout.
Plots of EPSC amplitudes during the trains revealedby activating presynaptic A1 receptors. In contrast to
the marked difference in the effects of PDBu, no differ- that wild-type and RIM1/ EPSCs reached the same
steady-state level (Figure 3F). Thus, despite the reduc-ence in the inhibition of transmitter release by adenosine
was detected (Figure 2E). tion in initial Pr in RIM1/ autapses, at steady-state
during high-frequency activity, Pr is not altered.
During high-frequency activity, the steady-state valueShort-Term Plasticity
To examine short-term plasticity in RIM1/ synapses, of an EPSC is determined by the balance between sup-
ply and demand of vesicles and by changes in Pvr in-we first measured the paired-pulse ratio. As observed
in slices (Schoch et al., 2002), there was a relative duced by the activity. Thus, activity-dependent differ-
ences in the RRP and/or the Pvr could account for thechange in this measure (Figures 3A–3C). Specifically,
Figure 3. Deletion of RIM1 Alters Short-
Term Plasticity
(A) Sample recordings from wt and RIM1/
autapses in response to paired pulse stimula-
tion. Arrow indicates first EPSC, with inter-
stimulus intervals of 20, 50, 100, 200, 500 ms
shown (scale bars equal 0.1 s/0.4 nA).
(B) Average paired pulse ratios (PPR) as a
function of interstimulus interval (*p  0.05).
(C) Ratio of average RIM1/ to wt PPR.
(D) Sample recordings of the first 10 re-
sponses in a 14 Hz train (scale bars equal
0.1 s/0.4 nA).
(E) Average EPSC amplitudes during 14 Hz
train normalized to size of first response.
(F) Steady-state absolute EPSC amplitudes
converge to the same value in wt and
RIM1/ autapses during 14 Hz train.
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If, as the data thus far suggest, an increase in the size
of the RRP does not underlie the normal steady-state
14 H2 responses in RIM1/ synapses, the relative loss
of the RRP during the stimulus train should be similar
between wild-type and RIM1/ autapses. To evaluate
this, we measured the initial RRP with a pulse of sucrose,
applied a 100 stimuli train at 14 Hz 90 s later, and then
immediately measured the RRP again (Figure 4C). The
size of the RRP after the train relative to the initial RRP
size was similar in the two preparations, indicating that
the relative amount of activity-dependent refilling of the
RRP was also similar. Thus, in RIM1/ autapses, the
RRP must still be 50% of the RRP of wild-type au-
tapses after the train. Since, at this time point, Pr is the
same in wild-type and RIM1/ autapses (i.e., the EPSC
is the same size) and the Pr depends on the product of
the Pvr and the RRP, the Pvr in the RIM1/ synapses
must have increased during the train. Indeed, calculation
of Pvr at the beginning and end of the stimulus train
revealed that while the initial Pvr was indistinguishable
between the two genotypes, at the end of the stimulus
train the Pvr was 60% higher in RIM1/ than in wild-
type autapses (Figure 4D). Importantly, this property ofFigure 4. Activity-Dependent Changes in Pvr but not Vesicle Recy-
RIM1/ synapses is different from that observed incling Are Altered in Rim1/ Autapses
Munc13-1/ autapses in which RRP size increases fol-(A) Basal rate of RRP refilling is normal. Average ratio of the second
hypertonic sucrose response to the initial sucrose response mea- lowing a stimulus train (Rosenmund et al., 2002).
sured 12 s prior. Inset shows sample recording (wt, 0.63  0.05;
KO, 0.54  0.04; p  0.05; scale bars equal 2 s/0.2 nA). Ca2 Responsiveness of RIM1/ Synapses(B) Rate of EPSC recovery is normal after depletion of the RRP by
Several observations suggest that the Ca2	 dependenceactivity. Graph shows ratio of test stimulus EPSC to initial EPSC as
of release may be abnormal in RIM1/ synapses.a function of time after RRP depletion.
(C) Relative amount of activity-dependent depletion of the RRP is In vitro, RIM1 exhibits Ca2	-dependent binding to syn-
normal in RIM1/ autapses. The ratio of the hypertonic sucrose aptotagmin 1 (Coppola et al., 2001; Schoch et al., 2002)
response immediately following a 14 Hz 100 stimuli train to the and also contains C2 domains that function as Ca2	/
initial sucrose response (90 s prior) is shown. Inset shows sample
phospholipid binding modules (although critical resi-recording with the train preceding the sucrose response (wt, 0.65
dues for Ca2	 binding are missing) (Wang et al., 1997).0.04; KO, 0.73  0.06; p  0.05; scale bars equal 2 s/0.2 nA).
Moreover, an interaction between Ca2	 channels and(D) Rim1/ autapses exhibit a relative increase in Pvr during high-
frequency activity. The “pre” Pvr value was obtained from the EPSC RIM-BPs has been described (Hibino et al., 2002). Fi-
and sucrose response obtained 90 s prior to the stimulus train. The nally, Munc13-1 also contains C2 domains (Brose et al.,
“post” Pvr was measured using the value of the last EPSC in a 14 1995). To investigate the Ca2	 responsiveness of
Hz 100 stimuli train and the response to a sucrose pulse given
RIM1/ synapses, we varied external Ca2	 and Mg2	immediately after the train (Pre Pvr: wt, 2.66 0.38; KO, 3.01  0.45;
concentrations from 1 to 8 mM and 8 to 1 mM, respec-Post Pvr: wt, 2.07  0.30; KO, 3.29  0.35; *p  0.05).
tively, and normalized EPSC size to that obtained in 4
mM Ca2	. Using this protocol, we observed no differ-normalization of Pr during 14 Hz stimulation in RIM1/
ence between RIM1/ and wild-type autapses (Fig-synapses. To examine this, we first measured the
ure 5A).steady-state, activity-independent refilling rate of the
Ca2	-dependent neurotransmitter release can be di-RRP. The recovery of the RRP 12 s after it had been
vided into two components, termed “synchronous” andfully depleted by an initial pulse of hypertonic sucrose
“asynchronous” release, that can be evaluated by exam-was similar in RIM1/ and wild-type synapses (Figure
ining the kinetic components of EPSCs (Stevens, 2003).4A). This result also provides evidence that the defect
As the relative amount of asynchronous release mayin priming caused by the absence of RIM1 is not due
influence synaptic responses during high-frequencyto changes in the kinetics of priming, and thus it appears
stimulation (Hagler and Goda, 2001; Lu and Trussell,that RIM1 is, at least in part, responsible for determin-
2000), we compared the kinetic components of wild-ing the absolute size of the RRP.
type and RIM1/ EPSCs by fitting the integral of eachActivity induces a Ca2	-dependent acceleration of the
cell’s EPSC to a double exponential equation. While therefilling of the RRP (Zucker and Regehr, 2002). To test
decay time constant for the synchronous (fast) compo-whether this process is enhanced by deletion of RIM1,
nent of release was not affected by deletion of RIM1,we examined the rate of recovery of the EPSC following
the decay time constant for asynchronous (slow) releasedepletion of the RRP by a 100 stimuli train at 40 Hz. We
was 3 times faster (synchronous 
: wt, 6.3  0.6 ms;detected no abnormality in the recovery kinetics of the
KO, 6.2  0.5 ms; p  0.05; asynchronous 
: wt, 174 EPSC in RIM1/ autapses (Figure 4B), indicating that
22 ms; KO, 50  7 ms, p  0.005; Figures 5B and 5C).the loss of RIM1 also does not affect the replenishment
Evaluating the relative contribution of each kinetic com-of synaptic vesicles under activity-stimulated condi-
tions. ponent to the EPSC within a cell revealed a 50% de-
Role of RIM1 in Neurotransmitter Release
893
Figure 5. Calcium Dependence of Release Is Normal but Asynchronous Release Is Altered in Rim1/ Autapses
(A) Dependence of EPSC amplitude on external calcium concentration in wt and RIM1/ autapses. Amplitudes were normalized to response
at 4 mM Ca2	/4 mM Mg2	, which was perfused prior to each test concentration so that error due to rundown was avoided (n  8–10 cells
per data point except for KO at 1 mM Ca2	 n  2, p  0.05).
(B) Decay time constant for asynchronous, but not synchronous, release is faster in RIM1/ autapses (**p  0.005).
(C) Average of normalized EPSC integrals illustrating decay during early (left) and late (right) periods.
(D) Asynchronous release is half of the normal percentage of total release per neuron in RIM1/ autapses (Synchronous: wt, 80.2  3.2;
KO, 88.6  1.9; Asynchronous: wt, 19.7  3.2; KO, 11.4  1.9; *p  0.05).
(E) Average of normalized EPSC traces in 2.5 mM calcium and in 10 mM strontium. Note time scale difference.
(F) Strontium-mediated delayed release charge and decay time constant are decreased in RIM1/ autapses (**p  0.005).
crease in the amount of asynchronous release in acts directly or indirectly with most other known active
zone proteins, is essential for normal neurotransmitterRIM1/ autapses (Figure 5D). Further, the average
total amount of synchronous release in RIM1/ au- release, and is regulated by phosphorylation. We have
examined the properties of mammalian synapses lack-tapses across all cells was 63% of wild-type, while the
average amount of asynchronous release was 38%, ing RIM1 by analyzing synaptic transmission in autap-
tic cultures of hippocampal neurons, a preparation thatagain indicating a preferential loss of the asynchro-
nous component. permits a detailed characterization of presynaptic func-
tion. We have also taken advantage of the fact thatIf RIM1 preferentially affects the asynchronous com-
ponent of release, performing a manipulation that aug- neurons lacking Munc13-1 or Rab3A, two major binding
partners of RIM1, were previously analyzed in the samements this component of release should amplify the
differences between RIM1/ and wild-type autapses. manner (Augustin et al., 1999; Geppert et al., 1997; Ro-
senmund et al., 2002; Schlu¨ter et al., 2004).To do this, we examined EPSCs evoked in 10 mM stron-
tium (Figures 5E and 5F), a manipulation that greatly Our findings suggest that RIM1 shapes three proper-
ties of transmitter release. (1) RIM1 enhances transmit-augments the asynchronous release component (Xu-
Friedman and Regehr, 2000). Averages of scaled EPSCs ter release by potentiating the amount but not the kinet-
ics of synaptic vesicle priming. This function of RIM1from RIM1/ and wild-type autapses show the ex-
pected larger difference in asynchronous release when accounts for 50% of the RRP of synaptic vesicles in
hippocampal synapses. The remaining 50% of theEPSCs were evoked in strontium rather than Ca2	 (Figure
5E). In strontium, EPSCs from RIM1/ autapses had RRP is likely independent of RIMs because RIM2, the
only other full-length RIM isoform (Wang and Sudhof,26% of the average delayed release and decayed about
twice as fast as EPSCs from wild-type autapses (relative 2003), was undetectable in the cultured neurons. (2)
RIM1 contributes to the regulation of STP. This ap-delayed strontium release: wt, 1.0  0.09; KO, 0.26 
0.08; p  0.005; delayed strontium release 
: wt, 107  pears, at least in part, to be due to an activity-dependent
change in the vesicular release probability (Pvr). (3)8.2 ms; KO, 51  7.7; p  0.005). These data provide
independent confirmation and thus further support for RIM1 is essential for normal asynchronous Ca2	-trig-
gered release. In the absence of RIM1, the relativean important role of RIM1 in the control of asynchro-
nous release. contribution of asynchronous release to total release is
decreased by50%, and asynchronous release kinetics
are accelerated. Importantly, RIM1 is not required forDiscussion
synaptogenesis, normal quantal size, normal spontane-
ous release, the synchronous component of evoked re-The active zone is composed of a multiprotein complex
that includes RIM1 as a major component. RIM1 inter- lease, or the activity-independent and -dependent com-
Neuron
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ponents of refilling of the primed pool of synaptic and the activity-dependent increase in Pvr in the
vesicles. RIM1/ mice.
This more detailed analysis of presynaptic function in A particularly unexpected observation was that
autapses complements and extends prior studies on RIM1/ synapses displayed a selective change in
RIM1 (Betz et al., 2001; Castillo et al., 2002; Koushika asynchronous release that was not detected in Munc13-
et al., 2001; Schoch et al., 2002; Sun et al., 2002) and 1/ synapses (Augustin et al., 1999; Rosenmund et al.,
its interacting partners, Rab3A (Castillo et al., 1997; Gep- 2002). While the molecular mechanisms underlying syn-
pert et al., 1997; Schoch et al., 2002) and Munc13-1 chronous release are relatively well understood, to our
(Aravamudan et al., 1999; Augustin et al., 1999; Betz et knowledge these results provide one of the first links of
al., 1998; Rosenmund et al., 2002). Our results suggest any synaptic protein to the poorly understood processes
that RIM1 functions as a modulator of release that controlling asynchronous release. One speculative
operates both during priming (as evidenced by the de- model is that normally vesicles pass through successive
crease of the RRP) and Ca2	 triggering (as evidenced “priming,” “asynchronous,” and “synchronous” stages,
by the change in asynchronous release and the in- and that for each stage a defined number of “slots” is
creased Pvr during repetitive stimulation). The dual activ- available. If this idea is correct, in the RIM1-deficient
ity of RIM1 in both priming and Ca2	 triggering of re- synapses the number of slots available for priming is
lease mirrors its dual interaction with Munc13-1 and decreased, but the number of downstream slots does
Rab3A, suggesting a potential sequential interaction. not change. This might lead to a faster transition be-
Several lines of evidence suggest that the 50% de- tween the stages. However, alternative models are pos-
crease in synaptic responses in the RIM1/ synapses sible, and a better definition of the nature of asynchro-
is caused by the loss of the RIM1/Munc13-1 interac- nous release and the identity of the Ca2	 sensor involved
tion. (1) Similar to their effect on Munc13-1-deficient will be required before these models can be tested.
synapses (Rosenmund et al., 2002), phorbol esters, In summary, using RIM1/ autapses, we have dem-
which act in large part by binding to Munc13-1 (Rhee onstrated that RIM1 normally enhances Pr by increas-
et al., 2002), caused a relatively larger enhancement of ing the size of the RRP but does not affect the rate of
release in RIM1/ synapses than in control synapses. vesicle priming at rest or after stimulation. Deletion of
(2) Overexpression of the domain of Munc13-1 that binds RIM1 also provided evidence that RIM1 plays an im-
to RIM1 also caused a 50% decrease in the RRP portant role in the regulation of Pvr during trains of activity
(Betz et al., 2001). Conversely, truncated Munc13-1 that and the kinetics of asynchronous release. These data
is unable to bind to RIM1 rescued only 50% of the support the notion that RIM1 is a key regulator of vesi-
RRP in Munc13-1 deficient synapses, while full-length cle maturation at the active zone, from priming to Ca2	
Munc13-1 rescued100% of the RRP (Betz et al., 2001). triggering of synaptic vesicle fusion. Regulation of these
(3) In C. elegans, a mutant form of Syntaxin 1 with a late stages of neurotransmitter release is a likely mecha-
constitutively “open” conformation compensates for the nism explaining RIM1’s role in forms of short- and long-
defects in both the RIM and Munc13 genes (Koushika term synaptic plasticity.
et al., 2001; Richmond et al., 2001), suggesting that the
RIM1/Munc13-1 complex operates in the same path-
Experimental Procedures
way that acts on SNARE complex assembly during prim-
ing. Taken together, these data suggest that the interac- Cell Culture
tion of RIM1 with Munc13-1 is a central component of Autaptic cultures were prepared by plating mechanically dissoci-
ated hippocampal CA1-CA3 neurons from P0–P1 RIM1/ micethe priming machinery, although other interactions of
(Schoch et al., 2002) and littermate wild-type controls at 1000 cells/RIM1, e.g., binding to SNAP-25 (Coppola et al., 2001),
cm2 onto glial-covered PDL/collagen-treated microislands andmay also contribute.
grown in Neurobasal-A media supplemented with 4% B-27 and 2Although the loss of the RIM1/Munc13-1 interaction
mM Glutamax-1 (GIBCO) for 12–15 days (Bekkers and Stevens,
in RIM1/ synapses likely accounts for the decrease 1991). Rat glia were plated at 2000 cells/cm2 for 3–7 days prior to
in the RRP due to a priming defect, it is unlikely to also neuronal plating (Noble and Mayer-Proschel, 1998).
completely explain the observed abnormalities in STP.
First, the increase in paired-pulse ratios in the RIM1/ Electrophysiology
synapses is very similar to the changes observed in Whole-cell recordings were performed on in vitro days (DIV) 12–15
Rab3A/ synapses that exhibited no change in Pr (Gep- using an Axopatch-1D amplifier (Axon Instruments) at room temper-
ature. External solution consisted of (in mM): 115 NaCl, 23 glucose,pert et al., 1997; Schoch et al., 2002). Second, in GABA-
26 sucrose, 5 HEPES, 5 KCl, 2.5 CaCl2, 1.3 MgSO4, 0.05 picrotoxin,ergic RIM1/ synapses, paired-pulse responses are
and 0.05 D-AP5 (Tocris). Internal pipette recording solution con-altered (Schoch et al., 2002) even though inhibitory syn-
sisted of (in mM): 110 K-methanesulfonate, 5 MgCl2, 10 NaCl, 40apses do not require Munc13-1, presumably because HEPES, 0.6 EGTA, 2 MgATP, 0.3 Na3GTP. Cells were voltage-
Munc13-2 substitutes for Munc13-1 (Augustin et al., clamped at70 mV except for 1 ms depolarizations to 0 mV to elicit
1999; Rosenmund et al., 2002). Importantly, the brain action potentials. Data were filtered at 1–2 kHz and acquired at
form of Munc13-2 does not bind to RIM1 (Brose et al., 2–5 kHz using Igor software (Wavemetrics). Recordings and data
analysis were performed blinded to the genotype of the sample.1995). This suggests that the STP phenotype in inhibi-
All chemicals were obtained from Sigma unless specifically notedtory synapses, and by extension in all synapses, is inde-
otherwise. Miniature EPSC analysis was performed manually usingpendent of Munc13-1. Although we cannot rule out that
Synaptosoft software with an amplitude threshold of 5 pA. All solu-
the decreased Pr in RIM1/ synapses contributes to tion changes were made using a rapid microperfusion device (SF-
the increase in paired-pulse responses (Zucker and 77B, Warner Instruments). RRP was elicited by perfusion of 0.5 M
Regehr, 2002), decreased Pr cannot explain the similar sucrose in external solution for 4 s. To quantify effects of phorbol-
12,13-dibutyrate (4 M, Calbiochem) and N6-cyclopentyladenosineincrease in paired-pulse responses in Rab3A/ mice
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(50 M), average EPSC amplitude (90 s period) 60 s after drug R.C. (2002). RIM1alpha is required for presynaptic long-term potenti-
ation. Nature 415, 327–330.perfusion started was compared to average EPSC amplitude (90 s
period) immediately prior to drug application. No correction for Coppola, T., Magnin-Luthi, S., Perret-Menoud, V., Gattesco, S., Schi-
EPSC rundown was made. avo, G., and Regazzi, R. (2001). Direct interaction of the Rab3 ef-
fector RIM with Ca2	 channels, SNAP-25, and synaptotagmin. J.
Immunocytochemistry and Immunoblotting Biol. Chem. 276, 32756–32762.
Hippocampal cultures of 12–14 DIV were used for immunocyto- Fernandez-Chacon, R., Konigstorfer, A., Gerber, S.H., Garcia, J.,
chemistry and immunoblotting according to standard procedures Matos, M.F., Stevens, C.F., Brose, N., Rizo, J., Rosenmund, C.,
(see Supplemental Data at http://www.neuron.org/cgi/content/full/ and Sudhof, T.C. (2001). Synaptotagmin I functions as a calcium
42/6/889/DC1 for details). regulator of release probability. Nature 410, 41–49.
Geppert, M., Goda, Y., Stevens, C.F., and Sudhof, T.C. (1997). TheKinetic Analysis of EPSC
small GTP-binding protein Rab3A regulates a late step in synapticDecay time constants (
, tau) and absolute amounts of release were
vesicle fusion. Nature 387, 810–814.calculated under basal conditions by fitting the integral of the EPSC
Hagler, D.J., Jr., and Goda, Y. (2001). Properties of synchronous(average of 3 consecutive EPSCs from each cell) to the double
and asynchronous release during pulse train depression in culturedexponential equation, y  y0 	 A1e(x/t1) 	 A2e(x/t2) and in strontium,
hippocampal neurons. J. Neurophysiol. 85, 2324–2334.by fitting the normalized average EPSCs during the delayed release
phase (from 10 ms after the onset of the EPSC to its return to Hibino, H., Pironkova, R., Onwumere, O., Vologodskaia, M., Hud-
baseline, 400–600 ms later) to the single exponential equation, y  speth, A.J., and Lesage, F. (2002). RIM binding proteins (RBPs)
y0 	 Ae(x/t) using Microcal Origin 6.1 software (t1  synchronous 
, couple Rab3-interacting molecules (RIMs) to voltage-gated Ca(2	)
t2  asynchronous 
, A1  amount of synchronous release compo- channels. Neuron 34, 411–423.
nent, A2  amount of asynchronous release component). The R2 Kaufmann, N., DeProto, J., Ranjan, R., Wan, H., and Van Vactor, D.
values for all fits were greater than 0.999. (2002). Drosophila liprin-alpha and the receptor phosphatase Dlar
control synapse morphogenesis. Neuron 34, 27–38.
Statistical Analysis
Ko, J., Na, M., Kim, S., Lee, J.R., and Kim, E. (2003). Interaction of
All error bars indicate the standard error of the mean (SEM). All
the ERC family of RIM-binding proteins with the Liprin-{alpha} family
results are reported as  SEM. p values were calculated using two-
of multidomain proteins. J. Biol. Chem. 278, 42377–42385.
tailed Student’s t test.
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